The response of an optically injected quantum-dot semiconductor laser (SL) is studied both experimentally and theoretically. In particular, the nature of the locking boundaries is investigated, revealing features more commonly associated with Class A lasers rather than conventional Class B SLs. Experimentally, two features stand out; the first is an absence of instabilities resulting from relaxation oscillations, and the second is the observation of a region of bistability between two locked solutions. Using rate equations appropriate for quantum-dot lasers, we analytically determine the stability diagram in terms of the injection rate and frequency detuning. Of particular interest are the Hopf and saddle-node locking boundaries that explain how the experimentally observed phenomena appear.
Typically, when a laser is perturbed from its steadystate operation, it either approaches the equilibrium exponentially like an overdamped oscillator or slowly oscillates back to its stable steady state like an underdamped oscillator. These lasers are labeled as Class A and Class B, respectively. Class A lasers include Ar, He-Ne, and dye lasers, while Class B lasers include most of the lasers used today such as CO 2 , solid-state, and, most importantly for this work, semiconductor lasers (SLs). When subject to optical injection, Class A and Class B lasers exhibit quite different stability properties. Class B lasers admit a rich number of sustained pulsating intensity regimes related to their relaxation oscillations (ROs), which have been studied systematically over the past decade for semiconductor and solid-state lasers (see [1] for a recent review). Class A lasers, free of ROs, are much more stable [2] . Recent efforts have concentrated on increasing the photon lifetime above the carrier lifetime to suppress ROs in conventional SLs. This can be achieved by increasing either the cavity length or the cavity finesse [3, 4] .
In this Letter we consider both experimentally and theoretically the optical injection of a single-mode distributed feedback (DFB) quantum-dot laser (QDL). These lasers have been increasingly investigated in recent years, and studies have already revealed several dynamical properties that render them superior for applications [5] . A particular feature of these devices is an unusually high damping of the ROs [6, 7] in comparison with their bulk and quantum well (QW) counterparts. This high damping has been cited as the principal reason for the increased stability of such devices when subject to optical feedback [8] , optical injection [9] , and in mutual coupling [10] configurations. We determine an experimental stability diagram and note that it is considerably different to that of a conventional QW laser. In particular, there is an absence of RO-related phenomena, and there is a region of bistability between two coexisting fixed points. Although these features were noted in [9] , in this Letter we examine the result in greater depth, and the observations are substantiated analytically by studying rate equations appropriate for a QDL.
The QDLs used were DFB structures operating at a wavelength of approximately 1.3 m. The experimental setup is similar to the one described in [11] . The results of the experimental stability mapping are shown in Fig. 1 . The solid (black) lines are saddlenode (SN) bifurcations, and the dashed (red) lines are Hopf bifurcations. Various dynamical features were observed, but the one of most interest for this work is the domain of bistable operation, in which two locked steady states coexist and the laser displays a noiseinduced switching, as shown in the inset of Fig. 1 . There are a number of fundamental differences between the mapping in Fig. 1 and the injection dynamics reported in [12] for a conventional QW laser and reviewed in detail in [1] . The Hopf bifurcation line differs from that which occurs for an injected QW la- ser and, in particular, it does not cross the zero detuning line. Furthermore, except very close to the laser threshold [13] , the coexistence of two stable locking states is not possible for an optically injected QW laser. Instead, we note a similarity between the stability diagram in Fig. 1 and that of a Class A laser [2] . More precisely, QDLs may exhibit both Class A and Class B dynamics, depending on the carrier capture parameters as was shown in [7] by analyzing a three-variable rate-equation model. In this Letter, we consider these equations for the case of an optically injected laser and examine the limit that leads to the highest damping of the ROs.
Our rate equations for a QD laser subject to an injected signal consist of three equations for the complex electric field E, the occupation probability in a dot , and the carrier density n in the wetting layers, scaled to the 2D QD density per layer. Adding the injection term to the rate equations of the solitary laser [7] , we find
͑3͒
The prime means differentiation with respect to T ϵ t / ph , where t is time and ph is the photon lifetime. The factor 2 in Eq. (3) accounts for the spin degeneracy in the QD energy levels. J is the pump current per dot, and ␣ is the linewidth enhancement factor. The control parameters are the frequency detuning ⌬ defined as the frequency of the master laser minus that of the slave laser and the injection rate ⌫. The fixed parameters B and are ratios of basic time scales and are defined as B ϵ cap −1 and ϵ ph −1 , where and cap denote the carrier recombination and capture times, respectively. Typical values are = 1 ns and cap = 10 ps, which imply B =10 2 and =2 ϫ 10 −3 . The factor ͑1−͒ is the Pauli blocking factor. The nonlinear interaction between the wetting layer and the dot, provided by the Pauli blocking factor, is nonnegligible and constitutes the most important difference between the description of QDLs and that of more conventional semiconductor devices.
As suggested in [9] , we shall consider the value g = 1.01, for which a good agreement between theory and experiments is observed. In the case of the solitary laser ͑⌫ =0͒, the product B͑g −1͒ appears in both the steady-state expressions and in the characteristic equation [7] . Therefore we need to take into account the relative values of B and g − 1. Specifically, we propose an asymptotic analysis of Eqs. (1)-(3) valid in the limit of small ⑀ ϵ g − 1, keeping B⑀ as an O͑1͒ quantity. After introducing g =1+⑀ into Eq. (1), the expression in brackets becomes ͓−2+2 + ⑀͑2 −1͔͒ and suggests the introduction of =1+⑀u in order to balance all terms. The expression in brackets is then proportional to ⑀, which motivates the introduction of the slow time scale s ϵ ⑀T. From Eqs. (1)-(3) , we obtain the following equations for E, u, and n:
͑6͒
where the prime now means differentiation with respect to s. The control parameters are ␥ ϵ ⑀ −1 ⌫ and for the growth rate , where all coefficients can be expressed in terms of R s 2 rather than ␥. The RouthHurwitz stability conditions are a 1 a 2 − a 3 Ͼ 0, a 1 Ͼ 0, and a 3 Ͼ 0. An SN bifurcation point satisfies the condition a 3 = 0; a Hopf bifurcation point satisfies the condition a 1 a 2 − a 3 = 0. Both conditions can be solved analytically, because they are quadratic equations in the detuning ␦. We first determine ␦ as a function of R s 2 from the SN and Hopf conditions and then ␦ as a function of ␥ using the steady-state equation ␥ = ␥͑R s 2 ͒. The stability diagram is shown in Fig. 2 . Only the Hopf bifurcation points from a stable steady state are shown (a 1 a 2 − a 3 =0, a 1 Ͼ 0, and a 3 Ͼ 0) for clarity.
The stability diagram in Fig. 2 is qualitatively similar to the experimental mapping. Both the ex- perimental and analytical stability diagrams predict stable locking for arbitrary values of the injection rate, provided ͉⌬͉ is sufficiently small. Moreover, there are no Hopf bifurcations at low injection levels, which was previously suspected in [11] . At higher injection levels and for positive detuning, the locking is via a Hopf bifurcation (H 2 in Fig. 2) , and there is no SN bifurcation. For negative detunings, there is a domain of bistability between two locked states, possible here because of a Hopf bifurcation that stabilizes the lower intensity branch (H 1 in Fig. 2) . Two bifurcation diagrams of the stable steady-state and periodic regimes are shown in Fig. 3 . They have been determined numerically from the reduced equations for R, , and n. Because the Hopf bifurcation curves do not cross the zero detuning line as is the case for QW SLs, the injected QDL exhibits greater stability. We should, however, emphasize that the similarity between our QD laser and the Class A laser results from the conditions g −1Ӷ 1 and ͑g −1͒B = O͑1͒ and is valid for Ӷ 1. Other scalings of the parameters g − 1 and B are possible because of the large diversity of QD structures that are currently designed, possibly leading to different conclusions.
In conclusion, we have performed an experimental and theoretical study of an optically injected singlemode QDL. Two principal features were obtained and discussed. First, the Hopf bifurcation associated with the ROs in Class B devices is absent in a large region of the stability diagram where the laser is stably locked, suggesting that QD lasers may be of interest for applications requiring RO-free operation. Secondly, there is a region of bistability between two locked solutions. These attributes are markedly different from the case with conventional semiconductor lasers and are more characteristic of an optically injected Class A laser. figure. (a) Regions of coexistence between two locked states and coexistence between a locked state and an unlocked limit cycle both exist for ⌫ = 0.0012 and (b) coexistence between two locked solutions only for ⌫ = 0.002. The figures were obtained by scanning the detuning back and forth.
